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ELECTRIC POWER STEERING DEVICE 

rOOOn This application is a National Stage of 

International Application No. PCT/ JP2004 /018425, filed 
December 3, 2004, which is based on Japanese Patent 
Application No. 2003-417689 filed with Japanese Patent 
Office on December 16, 2003, the entire content of which is 
incorporated herein by reference. 

TECHNICAL FIELD 

[00021 The present invention relates to an electric power 
steering device and relates in particular to a control 
device for that electric power steering device. 

BACKGROUND ART 

[00031 Electric power steering devices for vehicles detect 
the steering torque and other values generated by the 
steering shaft from movement of the steering wheels 
calculate the current reference value serving as the 
steering auxiliary instruction for the motor based on that 
detected signal, and a current feedback control circuit 
calculates the current control value as the difference 
between the current reference value and the detected motor 
current value, and a motor is then driven by the current 
control value to apply an auxiliary force to the steering 
wheel . 

[0004] A n electric power steering device of this type 
utilizes a motor control circuit comprised of four field 
effect transistors FET 1 through FET 4 connected in a bridge 
as shown in FIG. 7 to make up an H bridge circuit made up of 
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two arms^ a first and a second arm; a voltage V is applied 
across the input terminals, and a motor M is connected 
across the output terminals. 

[00051 A mong the two sets of FET pairs comprising the two 
mutually opposing arms in the H bridge circuit that make up 
the motor control circuit, the FET 1 of the first arm (or 
FET 2 of the second arm) is driven by a PWM signal (pulse 
width modulation signal) at a duty ratio D determined based 
on the current control value to regulate the flow of the 
motor current. 

[00061 The rotation direction of the motor M is controlled 
by turning FET 3 of the second arm on, and FET 4 of the 
first arm off (or FET 3 of the second arm off, and FET 4 of 
the first arm on) based on the current control value signs. 

[00071 W hen the FET 3 is conducting current, there is a 
current flow through the FET 1, the motor M, and the FET 3, 

and a positive current flows in the motor M. When the FET 4 
of the second arm is conducting current, there is a current 
flow through the FET 2, the motor M, and the FET 4, and a 
negative current flows in the motor M. This motor control 
circuit cannot simultaneously drive the FET of both arms so 
there is little probability of an electrical short and this 
circuit is widely used since it is highly reliable. 

[00081 FIG. 8 shows the relation between the motor 
current I (current actually flowing through the motor, and 
is different from the detected motor current value) and the 
duty ratio D of the PWM signal. In other words, in a state 
where a steering torque is generated by turning the steering 
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wheels the relation between the motor current I and the duty 
ratio D changes to that shown by the line (a) in FIG. 8. 
The current reference value Iref is then calculated based on 
the steering torque in the control circuit. The motor 
current control value E which is the difference between the 
calculated current reference value Iref and the detection . 
value [[i]]l^ for the motor current that was fed back, is 
output to the motor drive circuit so that a duty ratio D is 
obtained for controlling the semiconductor devices in the 
motor drive circuit, and no particular problems occur. 

[00091 However, after turning the steering wheel, the 
steering wheel then returns to a straight ahead (forward) 
driving position (hereafter called '^steering wheel return") 
due to self-aligning torque. In this state, no steering 
torque is generated so the current reference value I^ef 
becomes zero. However a back electromotive force is 
generated in the motor so that the relation [ [of] ] between 
the motor current I r Ftol 1 and the duty ratio D shifts upward 
by an amount equivalent to the back electromotive force as 
shown by the line (b) in FIG. 8. This upward shift 
generates a discontinuous section X in the relation between 
the motor current I and the duty ratio D in the vicinity of 
the area where the value of duty ratio D is zero. 

[00101 T he feedback control circuit on the other hand, 
attempts to calculate the current control value E, however 
there is no duty ratio D corresponding to current reference 
value Iref so that an oscillating current at an amplitude 
nearly matching the motor current I of the discontinuous 
section is output as the current control value E as shown by 
the line (c) in FIG. 8. This type of oscillating current 
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not only becomes a source of noise but also interferes with 
feedback control stability. 

[00111 T o resolve this problem, the inventors proposed a 
otructurc oompriocd of method of driving a motor control 
circuit made up of two pairs of semiconductor devices 
forming an H bridge circuit of two mutually opposing arms. 
In this bridge circuit, a first duty ratio PWM signal 
determined by the current control value drives the 
semiconductor devices of a first arm; and a second duty 
ratio PWM signal determined by a function of the first duty 
ratio, drives the semiconductor devices of a second arm, in 
a structure where each arm is driven separately. In this 
structure, there is no discontinuity in the relation between 
the duty ratio D and the motor current I in the vicinity of 
the state where the duty ratio D value is zero, even in a 
state where no steering torque is generated such as steering 
wheel return where point p is joined to point 0 in a 
straight line as shown in FIG. 9. Moreover, no oscillating 
current is output as the current control value E so that no 
noise is generated and stable feedback control can be 
attained (See Japanese Laid Open Patent Publication No. H09- 
39810 (1997-39810) ) . 

[00121 In the above structure for driving the 

semiconductor devices of a first arm with a first duty ratio 
PWM signal that is determined based on a current control 
circuit, and driving the semiconductor devices of a second 
arm with a second duty ratio PWM signal defined by a 
function of the first duty ratio; separately driving the 
respective arm eliminates discontinuities in the relation 
between the duty ratio D and the motor current I, eliminates 
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noise, and improves stability. However as can clearly be 
understood from FIG. 9, the relation between the motor 
current I and the duty ratio D is switched in three stages. 
Eliminating the chattering that accompanies this switching 
is difficult and problems such as control noise and 
vibration • occur due to this -chattering. This invention ■ • 
therefore has the object of resolving the above mentioned 
problems . 

DISCLOSURE OF THE INVENTION 

r00131 T he electric power steering device of this 
invention for controlling the output of a motor that applies 
an auxiliary steering force to the steering mechanism from a 
current reference value calculated based on at least a 
steering torque generated in at loaot the steering shaft, 
is comprised of a duty ratio calculator for calculating a 
duty ratio Dl and a duty ratio D2 determined by the motor 
terminal voltage based on a current reference value, a 
motor drive circuit including a motor connected across the 
output terminals and a power supply connected across the 
input terminals of an H bridge circuit made up of a first 
arm and a second arm each containing a pair of semiconductor 
devices connected in series, and PWM signal of duty ratio Dl 
drives the semiconductor device in the upper stage of the 
first arm, and PWM signal of duty ratio D2 drives the 
semiconductor device in the lower stage of the second arm of 
the H bridge circuit; and a duty ratio calculator for 
calculating a duty ratio Dl and a duty ratio D2 ohowing 
having a continuous characteristics between the motor • 
current character iotico of and the duty ratio from the 
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current reference value— as — continuouo — linear charactGrioticQ 
based on a specified formula. 

[0014] The duty ratio calculator then separately 
calculates the duty ratio Dl and a duty ratio D2 based on 
the, motor back electromotive force to f [show] 1 have the 
motor current characteristics for duty ratio D as continuouo 
consecutive linear characteristics. 

BRIEF DESCRIPTION OF DRAWINGS 

rOOlSI FIG. 1 is a graph showing the relation of motor 
current I^ to the motor terminal voltage Vm in the H bridge 
circuit; 

FIG. 2 is a graph showing improving of the non - 
continuouo — (<iiscontinuous-)- characteristics of the motor 
current versus the motor terminal voltage as shown in 
FIG. 1 to a fully linear waveform; 

FIG. 3 is a graph showing the improvement of 
continuous characteristics of the motor current duty ratio 
versus motor terminal voltage as shown in FIG. 2, to a 
fully linear waveform; 

FIG. 4 is a drawing showing an overall view of the 
structure of the electric power steering device; 

FIG. 5 is a block diagram of the electronic control 
circuit; 

FIG. 6 is a diagram showing one example of the 
structure of the motor drive circuit; 

FIG. 7 is a concept diagram for describing the basic 
structure of the H bridge circuit utilized as the motor 
drive circuit for the electric power steering device; 
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FIG. 8 is a graph for describing the discontinuous 
section generated due to the relation of the duty ratio of 
the PWM signal to the motor current; and 

FIG. 9 is a graph for describing the method to 
eliminate the discontinuous section generated due to the 
relation of the duty ratio of - the PWM signal to the motor 
current . 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

rOOlSI The basic concept of this invention is described 
first. This invention further improves the non-linear 
control characteristics between the motor current I and the 
duty ratio namely the non-linear control characteristics 
made up of the three-stage broken line previously described 
while referring to FIG. 9, by changing them into continuous 
linear control characteristics. 

r00171 The motor control circuit of the electric power 

steering device is comprised of four field effect 
transistors FET 1 through FET 4 connected in an H bridge 
circuit as to make up a bridge made up of two arms, a first 
and a second arm as previously described in FIG. 7. The 
FET 1 through FET 4 are driven by PWM signals for a first 
duty ratio Dl (hereafter called, duty Dl) and a second duty 
ratio D2 (hereafter called duty D2) , that is determined 
based on a current control value E which is the differential 
between the detected motor current value that was fed back, 
and the otccring auxiliary inotruction current reference 
value. 
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rOOlSI FIG, 1 is a drawing showing the relation between 

the motor terminal voltage Vm and the motor current I in 
this H bridge circuit, when the FET 1 is driven at duty Dl, 
and the FET 3 is on or in other words, driven at a duty D2 
of 100 percent, and the FET 2 and FET 4 are off. If the 
motor terminal voltage Vm increases from the minus to the- 
plus (positive) side when the motor angular velocity co, is 

((D= — a), then the motor current [ [i] ] I^ will suddenly drop 
to zero ( [ [i] ] = 0), when the motor terminal voltage Vm is 

(Vm = [[-dl]] £) . Also, if the motor terminal voltage Vm 
decreases from the plus to the minus (negative) side when 
the motor angular velocity co, is (co= ^ a) , then the motor 
current [ [i] ] i will suddenly drop to zero ([[i]] I^ = 0), 
when the motor terminal voltage Vm is {Vm = [[dl]] £) . 

F00191 T hough previously explained in the voltage Vm (or 
motor terminal voltage) description, the duty ratio D is a 
ratio that determines the voltage motor terminal voltage Vm 
and so the motor terminal voltage can therefore [ [by] ] be 
substituted for the duty ratio. Changing the FET 1 and 
FET 3 combination to the FET 2 and FET 4 combination 
reverses the direction that the motor rotates, however there 
is essentially no change in the operation so the following 
description uses the FET 1 and FET 3. 

r00201 In order to improve the non-linear 

characteristics, this invention is comprised of an H bridge 
circuit including a first arm and a second arm where an 
FET 1 is driven at a duty Dl, and a FET 3 is driven at a 
duty D2, with the duty Dl set by the following formula (a), 
and the duty D2 set by the following formula (b) . 
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Dl = Vref2 / Vr (a) 

D2 = {Vref2 + sign (Vref2) (Vr - |KTCO|)}/Vr (b) 

where, Vref2 = 1/2 (V ref - KtCO) 

in the range of | Vref I < ! KtCO | 
Here, the respective symbols indicate: 
Vref: motor terminal voltage command value 
Vref2: linear motor terminal voltage command value 
Vr: voltage supplied to motor H bridge (battery 
voltage) 

Kt: = constant of back electromotive force of motor 
(o: motor angular velocity 

sign(Vref2): sign of linear motor terminal voltage 
command value Vref2 

r002n The method for calculating the duty Dl and the 
duty D2 is described next. 

r00221 T he basic formula for the PWM signal drive in the 
H bridge circuit is expressed by the following formula (1) . 

Vm = (Dl + D2) Vr - sign (Dl)Vr - KtCO (1) 

where, Vm: motor terminal voltage 

Dl: upper stage duty for driving upper stage FET 

(value -1 through +1) 
D2: lower stage duty for driving lower stage FET 

(value -1 through +1) 
Vr: voltage supplied to motor H bridge (battery 
voltage) 

Kt: constant of back electromotive force of motor 
CO: motor angular velocity 
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r00231 Usually, the duty D2 is fixed at 100 percent (D2 = 

1.0), and just the duty Dl is varied. Since the sign for Dl 
is positive (0.3), when for example 30 percent of the 
battery voltage (Dl =0.3) is applied to the motor, the 
[ [Vm] ] motor terminal voltage Vm is therefore expressed by 
the following formula (1). 

Vm - (0.3 + l)Vr - sign(0.3)Vr - Kt^^(o 
= 0.3Vr - KtCO 

[00241 However, in order to resolve the problems in the 
background art as related previously (See Japanese Laid Open 
Patent Publication No. H09~39810) , the duty D2 is calculated 
according to the following formula (2) . 

D2 = Dl + sign(Dl) x b (2) 

where, B is a constant. 

r00251 The constant B is determined so as to Qxprcoo have 
the relation between the duty Dl and the motor current I so 
that the characteristics become those as shown in FIG. 9. 
The internal resistance of the motor can be handled as a 
fixed value so the characteristics in the graph shown in 
FIG. 9 can be established even if the motor current I is 
substituted into the motor terminal voltage Vm. 

r00261 The determining of the constant B is described 
next. The formula (1) can be written into the following 
formula (3) , when the condition that the duty Dl and the 
back electromotive force Kt© be different signs is added. 

Vm = (Dl + D2)Vr - sign(Dl)Vr -H sign ( Dl ) | KtCO | (3) 



10 



Docket No. 18733/00240 



r00271 Formula (3) expresses the characteristics of 

discontinuous section X shown in FIG. 8. When the condition 
that the motor terminal voltage Vm is zero (Vm = 0) is 
substituted into formula (3), [[when]] and the upper stage 
duty Dl is zero (Dl = 0)^ the constant B can be expressed by 
the following formula (4) 

0 = (0 4- D2)Vr - sign(0)Vr + sign (0) | Kt© | 
= D2Vr - Vr + I Kt© | , 
and when formula (2) is substituted into this, then 

0 = {Dl + sign(Dl) x B}Vr - Vr + | KtCO | 
= BVr - Vr + | KtCO | 

B = 1 - { IKtOI /Vr} (4) 

r00281 In other words, the constant B is determined by 

the formula (4), so that the duty D2 expressed in 
formula (2) becomes a function of the duty Dl . 

[00291 FIG, 2 is a graph rewritten from the previously 
described FIG. 9. This figure illustrates improvements of 
the dio continuity discontinuous characteristics of 
discontinuous section X [ [of] ] between the motor current I 
and the motor terminal voltage Vm in FIG. 1. The horizontal 
axis shows the duty Dl^ substituted into the motor current I 
terminal voltage Vm , FIG. 2 shows the section Al' 
expressing dio continuity — ( or non - continuouo ) discontinuous 
characteristics changed into section Al, and the section A2' 
changed into section A2, to convert the dio continuity 
discontinuous characteristics into continuity continuous 
characteristics . 
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[0030] The characteristics formula for the section Al' 
and the section Kl' , can be expressed as shown below in 
formula (5) if the duty Dl' is utilized in these sections. 

Vm = VrDl' - KtCO (5) 

r003n If the duty Dl' can be defined by Dl, then the 

did continuity discontinuous characteristics can be converted 
into continuity continuous characteristics. The 
formula (2), formula (4), formula (5) are substituted into 
the formula (1) . The formula (5) is first of all 
substituted into the formula (1) . 

Vm = (Dl + D2)Vr - sign(Dl)Vr - KtCO 

VrDl' - KtCO= (Dl + D2)Vr - sign(Dl)Vr - KtCD 

VrDl' = (Dl + D2)Vr - sign(Dl)Vr 

[00321 W hen formula (2) is substituted into D2 of this 

formula, then: 

VrDl' = (Dl + (Dl + sign(Dl) xB}Vr - sign(Dl)Vr 

Dl' = 2D1 + sign(Dl) (B-1) 

Solving for Dl in this formula yields: 

Dl = 1/2{D1' - sign (Dl) (B-1) } 

Substituting formula (4) into B of this formula 
yields : 

Dl = 1/2{D1' - sign(Dl) { IKtCoI /Vr) } 

r 00331 A dding the condition that the upper stage duty Dl 
and KtO> are different signs yields: 

Dl = 1/2{D1' - (KTCO/Vr) } (6) 
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[0034] Eliminating the sign Dl from the right part of 
formula (6)^ allows removing the absolute value so that the 
duty Dl can define the duty Dl' . 

[00351 In the above explanation, the discontinuous (or 
non - Gontinuouo ) characteristics -[ [of] ] between motor 
terminal voltage Vm and motor current I of section Al' and 
section A2' in FIG. 2 were described as being changed to the 
respective continuous characteristics of section Al and A2 . 
The characteristics [ [of] ] between the motor terminal 
voltage Vm and motor current I dutv Dl in FIG. 2 were 
continuous characteristics along the three stages p - 0 - q 
on the bent line. These continuous characteristics along 
the bent line of the three stages p - 0 - q are therefore 
converted to the completely linear continuous 
characteristics p - q as shown in FIG. 3. 

[00361 In the embodiment, the motor terminal voltage 
command value Vref is calculated from the difference between 
the detected motor current I and the current reference value 
Iref that regulates the motor current, and used to regulate 
the motor terminal voltage. The duty ratio value is 
calculated as a voltage (voltage) command so that in the 
following explanation it is referred to as motor terminal 
voltage command value Vref. 

[00371 The motor terminal voltage command value Vref is 
mapped according to formula (6), by the second voltage 
command value that functions as the linear motor terminal 
voltage command value Vref2. Here, the term '"mapping" 
signifies that the motor terminal voltage command value Vref 
is converted to the linear motor terminal voltage command 



13 



Docket No. 18733/00240 

value Vref2 in order to convert the continuous bent line of 
three stages p - 0 - q, into the completely linear 
continuous characteristic p - q as shown in FIG. 3. 

r00381 In the mapping process, the duty Dl is made to 

equal -Vref2/Vr, and the duty Dl' is made to equal- [[duty]] ^ 
Vref/Vr, and the line Al is converted to Al', and line A2 is 
converted to A2' as shown in FIG. 2. This conversion is in 
the range |Vrefl< I KtCO | of non-linear characteristics 
equivalent to the range p - q in FIG. 2. 

f 00391 Substituting Dl = Vre^-r ^/Vr, Dl' = Vref/Vr into 
formula (6), allows expressing formula (6) as the following 
formula (7)^ and mapping can be performed [[per]] with the 
following formula (7). 

Vref2/Vr = l/2{ (Vref/Vr) - {K^rco/Vr) } 

Vref2 = l/2(Vref - Kt©) (7) 

C 00401 Calculating the duty Dl is described next. In the 
mapping process, the duty Dl is handled as Dl = Vref2/Vr, and 
Vref2 is expressed [[per]] with the above formula (7), so that 
the duty Dl can be expressed [ [per] ] with the following 
formula (a) . 

Dl = {l/2(Vref - KT€D)}/Vr 
= Vref2/Vr (a) 

r004n In the actual control circuit described later on, 
the duty Dl expressed in formula (a) is compensated such as 
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by dead time compensation (or offset) , and duty dither 
adding. Whether to perform this processing or not can be 
selected by optional selection items. The duty Dl set in 
formula (a) does not contain results from compensation 
processing such as dead time compensation (or offset), and 
duty dither adding. 

r00421 Calculating the duty D2 is described next. When 
the formula (4) and formula (7) are substituted into 
formula {2) , the duty D2 shown next can be expressed in the 
following formula (b) . 

D2 = Dl + sign(Dl) x b (2) 

= (Vref2/Vr) + sign (^'^Vref2/Vr) 
X {1 - ( IKtCoI /Vr) } 

= Vref2 + Sign (^^Vref2) ^"^^Vr - | KxCO | ) } /Vr (b) 

r00431 In other words, the duty D2 can be expressed fey 
%^»e — without duty Dl as expressed in formula (a) not 
containing duty Dl . This fact signifies that the duty D2 is 
set separately from the duty Dl. 

[00441 In the characteristics graph in FIG. 2, the mapping 
is performed in the range p - q, and the following condition 
(c) must be satisfied between the absolute value Vref for the 
motor terminal voltage command value and the absolute value 
KtCO of the back electromotive force of the motor . 

IV^efl < IKtCoI (c) 

[00451 If this condition (c) is satisfied, then the duty 
Dl is calculated by the formula (a) , and the duty D2 is 
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calculated by the formula (b) . If this condition is not 
satisfied, then the duty Dl and duty D2 are calculated by 
the usual method without mapping. 

[00461 However, in the vicinity the condition boundary or 
in other words, near point q in FIG. 2, the values for 
duty Dl, D2 needed for mapping will differ greatly depending 
on whether this condition was satisfied or not. In other 
words, if the condition is satisfied then mapping is 
performed from point o to point q, and conversion to the 
completely linear characteristics p - q in FIG. 3 is 
performed. However if the condition is not satisfied, then 
Dl and D2 are calculated by the usual method without 
mapping. In this case, the characteristics in the graph 
shown in FIG. 2, are the same as the three-stage bent line 
continuous characteristics p - 0 - q. 

[0047] If the motor terminal voltage command value Vref^ 
and the back electromotive force KtCO of motor contain noise, 
then the conditions might or might not be satisfied 

(established/not established) in the vicinity of the 
condition boundary (near point q in FIG. 2), the mapping 
frequently switches between an executable or non-executable 
state, so that the duty values Dl and D2 frequently 
fluctuate, chattering occurs, and noise and vibration 
gcnoratc are generated . 

[0048] A decision is made in the above mapping process, 
on whether the condition is established or not established, 
after firot removing filtering out the noise components 
[[from]] i^ the motor terminal voltage command value Vref^ 
and the motor back electromotive force KtCD. 
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[00491 In other words, when the following condition (d) 

iVrefl < IKtCDI (d) 

is satisfied among the absolute value for motor 
terminal voltage command value Vref and the back 
electromotive force Kt© of the motor after removing 
filtering their respective noise components, then the 
duty Dl for performing mapping can be calculated from 
formula (a) , and the duty D2 can be calculated from formula 
(b) . If this condition is not satisfied then the duties Dl 
and D2 are calculated by the usual method without mapping. 

[00501 T he hysteresis characteristic may be applied to 
the above condition in order to prevent chattering from 
occurring in the mapping process. — Namely, — vjhcn the 
f ollov^ying condition — 

h^ ^l < (G) '^^ 

including a hyotcrGoio oharactoriotic among the abooluto 
value for the motor terminal voltage command V^ er-Q^^ 
aboolutc value of back clcGtromotivG force K^? ^ ^"^6^^ of motor 
after removing their rcopcGtive noioc componcnto io 
oatiof ied, — then the duty Dl needed for mapping can bo 
calGulated from formula — (-a->-7 — and the duty 02 can be 

calculatod from the formula — ffef-: Hov/cvcr if the condition 

io not oatioficd, — then Dl and D2 arc calculated by the uoual 
method v/ithout mapping. 

[00511 In order to prevent chattering in the vicinity of 
the hysteresis characteristic boundary value, the prior 
decision results can be held (for use) regardless of whether 
the prior conditions were established or not. 



17 



Docket No. 18733/00240 

[00521 N amely, when the following condition (f)-^ 

( IVref I - IKtCoI ) < -Hys (f ) 

where, Hys : the value of hysteresis width 
characteristics . 

is satisfied for the absolute value for the motor terminal 
voltage command value Vref and the absolute value for the 
back electromotive force KtCO of motor with their noise 
components removed filtering out , then the duty Dl needed 
for mapping can be calculated from formula (a) , and the 
duty D2 may be calculated from the formula (b) . 

r00531 If the condition (f) (Ilyo < 1 (I Vref I - I KtCO | )[[)]] < 
-Hys } is not satisfied at this time, then Dl and D2 are 
calculated by the usual method without mapping. 

AIdo if condition — f^-^ — io oatidfiod and moreover 

r00541 In addition, the condition (g) is satisfied, then 
the decision results from the prior condition (condition (f) 
was established or not) may be maintained without mapping. 

- Hys < (I Vref I - I KtCO I) < Hys (g) 

r00551 The value of hysteresis characteristic Hys may be 
set as needed such as experimentally, according to the 
[[size]] level of the noise contained in the motor terminal 
voltage command value Vref and the back electromotive fojrce 
KtCD of motor. 

[00561 The outlines of the electric power steering device 
of this invention is described next while referring to 



18 



Docket No. 18733/00240 



FIG. 4 through FIG. 6. FIG. 4 is a drawing showing overall 
view of the structure of the electric power steering device. 
In this figure, a shaft 2 of a steering wheel 1 is coupled 
to a tie rod 8 via a speed reducer gear 4, a universal joint 
5a, 5b, and pinion rack dcvicG mechanics 7. A torque sensor 
3 for detecting the steering torque of the steering wheel 1 
is installed on the shaft 2. A motor 10 to apply an 
auxiliary steering force is coupled to the shaft 2 via a 
speed reducer gear 4 and a clutch 9. 

[00571 Electrical power is supplied from a battery 14 via 
the ignition key 11 to an electric control circuit 13 for 
controlling the power steering device. The electric control 
circuit 13 calculates the current reference value based on 
the vehicle speed detected by a vehicle speed sensor 12 and 
the steering torque detected by a torque sensor 3; and 
rcgulatco controls the electrical current supplied to the 
motor 10 based on the current reference value that was 
calculated. 

[00581 The electric control circuit 13 controls a 
clutch 9. The clutch 9 is engaged during normal operation, 
and is disengaged when the electric control circuit 13 
decides there is a failure in the electric power steering 
device and the power is off. 

[00591 FIG. 5 is a block diagram of the electric control 
circuit 13. In the present examples the electric control 
circuit 13 io uoually consists of mainly a CPU. The 
functions described here are executed by programs within 
that CPU. A phase compensator 21 for example, indicates 
that phase compensation function performed in a CPU and does 
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not indicate a phase compensator 21 made up of separate 
hardware . 

[0060] The function and operation of the electric control 
circuit 13 are described next. The steering torque signal 
input from the torque sensor 3 is phase-compensated by the 
phase compensator 21 in order to booot increase the 
stability of the steering otability system , and back 
oloGtromotivo force is inputted to a current reference value 
calculator 22A. The vehicle speed signal detected by the 
vehicle speed sensor 12 is also inputted to the current 
reference value calculator 22A. 

roosn The current reference value calculator 22A 
calculates the current reference value (current command 
value) Iref by using the specified calculation formula based 
on the detected motor current value [ [i] ]— 1^, and the vehicle 
speed signal, and steering torque signal that were inputted. 
A current controller 22B calculates the motor terminal 
voltage command value V^ef based on the detected motor 
current value [[i]] i, and the current reference value Iref 
that were inputted. 

[00621 A duty ratio processor 30 that functions as the 
duty ratio calculation means, contains a current drive 
linearity compensator 23, a current discontinuity 
compensator 24, and a compensator adder 25. The compensator 
adder 25 includes a multiplier 2 6, a dead time compensator 
27, and a duty dither adder 28, and functions of duty ratio 
processor 30 is a calculating and outputting means for the 
duty Dl, duty D2, and the motor drive directional signals. 
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r00631 The current drive linearity compensator 23 inputs 
the motor terminal voltage command value Vreff the battery 
voltage Vr^ and the motor angular velocity co (detected with 
a motor angular velocity sensor not shown in the drawing, or 
estimated from the motor terminal voltage[[,]] and motor 
current) , and calculates the linear motor terminal' voltage 
command value Vref2 based on formulas (6) and (7). The 
calculated value Vref2 is inputted to the current 
discontinuity compensator 24 and the compensator adder 25. 

r00641 The compensator adder 25 calculates the duty Dl 
based on the formula (a), so that the linear motor terminal 
voltage command value Vref2 is multiplied by a specified 
gain K in the multiplier 26, compensation processing such as 
dead time compensation and duty dither adding is performed 
in the dead time compensator 27 and the duty dither 
adder 28, and the compensated duty Dl is then calculated. 

[0065] The current discontinuity compensator 24 calculates 
the duty D2 based on formula (b) so that the duty D2 is 
calculated from the linear motor terminal command voltage 

Vref2 • 

[00661 The duty Dl and the duty D2 that were calculated 
are inputted along with the motor drive direction signal 
output from the current drive linearity compensator 23, into 
the motor drive circuit 35. 

[00671 FIG. 6 shows an example of the structure of motor 
drive circuit. The motor drive circuit 35 includes a FET 
gate drive circuit 36, and an H bridge circuit 37 made up of 
the FET 1 through FET 4, and drives the FET 1 through FET 4 
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based on the upper stage duty Dl and lower stage duty D2, as 
well as the motor drive directional signal that were 
inputted. 

[00681 A motor current detection circuit 38 detects the 
flow of current in a positive direction based on the voltage 
drop across both ends of a resistor Rl, and also detects the 
flow of current in a negative direction based on the voltage 
drop across both ends of the resistor R2 . The motor current 
detection circuit 38 feeds back the detected motor current 
value [ [i] ] to the current reference value calculator 22A 
and the current controller 22B. 

[0069] The dead time compensation and duty dither add 

processing is described next. The dead time compensation is 
described first. A dead time is established at the point in 
time that the PWM signal switches, in order to prevent 
electrical shorts due to the two arms in the H bridge 
circuit conducting simultaneously at the point in time that 
the signal switches from H to or at the point in time 
that the signal switches from L to H, based on the duty D of 
the PWM signal in the motor drive circuit utilized in the H 
bridge circuit. Dead time compensation is not the main 
subject of this application, so a description is omitted 
here. A description is however given in Japanese Laid Open 
Patent Publication No. H08-142884 by the present inventors. 

[00701 The duty dither add processing is described next. 
A dead band occurs in the motor current characteristics 
r [fori 1 — between motor current I and duty ratio D, in the 
vicinity where the duty D of the PWM signal is zero in the 
motor drive circuit utilized in the H bridge circuit- This 
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dead band causes poor control response, and the steering 
v/hccl handling dooo feeling is not feel natural. A voltage 
dither signal is therefore supplied to the motor in the 
vicinity of the dead band to improve the control response, 
and make handling of tho otcoring v/hool feci makes more 
nat'ural steering feeling . Duty dither adding is not-"the 
main subject of this application, so a description is 
omitted here. A description is however given in Japanese 
Laid Open Patent Publication No. 2003-11834 by the present 
inventors . 

[00711 T his invention as described above, the motor 
current characteristics [[for]] between motor current I and 
duty ratio D exhibit continuous linear characteristics near 
a motor angular velocity the dutv ratio D of zero. This 
invention therefore not only oliminatco non - continuouo 
eliminate discontinuous sections in motor current the 
characteristics f [ for 1 1 between motor current I and duty 
ratio D near a motor angular velocity the dutv ratio D of 
zero^ that occur in a conventional electric power steering 
device, but can also eliminate step-type continuous 
characteristics. Therefore the change in feedback 
characteristics are eliminated even during the ^^steering 
wheel return" after the steering wheel was turned and then 
returned for driving straight ahead, so that an extremely 
smooth driving feeling is obtained. 

r00721 M oreover, there is no chattering since no step-type 
changes occur from continuous changes in the back 
electromotive force generated in the motor during steering 
wheel return, and no noise due to chattering so that no 
noise is generated in car radios and other remarkable 
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effects not seen in a conventional electric Power steering 
device. 

Industrial Applicability 

[00731 This invention relates to an electric power 
steering device for vehicles, and by correcting the non 
Gontinuouo motor current discontinuous characteristics 
[ [for] ] between motor current and duty ratio D that occur in 
the vicinity of zero in the duty D of the PWM signal driving 
the semiconductor devices within a motor drive circuit 
semiconductor devices connected in an H bridge circuit, this 
invention can improve the control response, and obtain 
provide a more natural feeling v/hcn handling the steering 
wheel feeling . 
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